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Abstract
Background: This study aimed to determine the relative and independent contributions of

impaired metabolic health and obesity to critical coronavirus disease 2019 (COVID-19).

Methods: We analyzed 4,069 COVID-19 patients between January and June 2020 in South
Korea, classified into four groups according to metabolic health status and body mass index
(BMI): metabolically healthy normal weight (MHNW), metabolically unhealthy normal
weight (MUNW), metabolically healthy obesity (MHO), and mc.~bolically unhealthy obesity
(MUO). The primary outcome was a composite of intersn2 care unit (ICU) admission,
invasive mechanical ventilation (IMV), extracorporeal ..»emprane oxygenation (ECMO), and
death. Multivariable Cox proportional hazard regress:~:i models were used to estimate the

hazard ratio (HR) for the outcome.

Results: The incidence rate (per 100 pei.~n months) of critical COVID-19 was the lowest in
the MHNW group (0.90), followed by the MHO (1.64), MUNW (3.37), and MUO (3.37)
groups. Compared with MHNW, ~ <iynificantly increased risk of critical COVID-19 was
observed in MUNW (HR, 1.41, 95% CI, 1.01-1.98) and MUO (HR, 1.77; 95% ClI, 1.39-2.44)
but not in MHO (HR, 1.4°- 354 Cl, 0.98-2.23). The risk of ICU admission or IMV/ECMO
was increased only 1n n'JO; however, the risk of death was significantly higher in MUNW
and MUO. The risk of critical COVID-19 increased insignificantly by 2% per 1 kg/m? BMI
increase but significantly by 13% per 1 metabolically unhealthy component increase, even

after mutually adjusting for BMI and metabolic health status.

Conclusions: Metabolic health is more important to COVID-19 outcomes than obesity itself,
suggesting that metabolic health status should be considered for a precise and tailored

management of COVID-19 patients.
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1. Introduction

Earlier observations revealed that patients with severe forms of COVID-19 were more obese
than those with non-severe disease [1,2]. Multiple studies have indicated that obesity, which
is generally represented by a high body mass index (BMI), is associated with the severity and
mortality of COVID-19 [3-7]. However, obesity is a predisposing condition for metabolic
derangement and cardiovascular diseases [8], which have alsc t.een recognized as important
risk factors for adverse outcomes of COVID-19 [9,10]. Theefoie, the observed association
between obesity and critical COVID-19 might be biaseu by the effects of comorbidities.
Previous studies have attempted to solve this proble:n by adjusting for comorbidities such as
diabetes, hypertension, and dyslipidemia [11-14;; however, this might be insufficient to
identify a direct relationship between obes’s ' ai.1 COVID-19 outcomes.

Many differences in the determining cheracteristics of metabolic phenotypes have been
observed between East Asians and r.ch.- /cthnic groups. For example, a substantial number of
East Asian patients with type 2 o.abetes were reported to be nonobese, although the
prevalence of type 2 diabetes was similar to that in Caucasians [15]. This observation
directed much interest ‘o n etabolically unhealthy without obesity phenotypes. However,
metabolically healthy wit'| obesity phenotypes have also been observed [16].

We hypothesized that metabolic health beyond obesity might be crucial in determining the
risk of COVID-19 outcomes. The objective of this large retrospective study was to
investigate the relative contribution of obesity and metabolic health status to critical

outcomes of COVID-19 patients in a nationwide cohort in South Korea.

2. Materials and methods



2.1. Data source and study population

The Korean National Health Insurance Service (NHIS), which is the sole mandatory public
medical insurance system for all citizens of South Korea, recently released the NHIS-
COVID-19 cohort database, which included 8080 patients with COVID-19 confirmed with a
SARS-CoV-2 PCR test between January 1, 2020, and June 4, 2020. The database
incorporated past longitudinal information of the patients before the diagnosis of COVID-19,
including demographic, medical, and pharmaceutical data fro.»> 2015 to 2020. The relevant
information included medical history based on the Ir.:=rnational Classification of Disease
10th revision (ICD-10), hospitalization including ICL ~2mission, drug prescriptions, medical
procedures, and anthropometric and biochen.ical laboratory information including body
weight, height, waist circumference, sv.tol ¢ and diastolic blood pressure, fasting plasma
glucose, and lipid profile. In additiorn, this database was merged with death records managed
by the Korean National Statistical Of ic=. All patients were followed up until 4 months after
the diagnosis of COVID-19 ¢ u.til death. A more detailed protocol has been previously
published [17]. We presentc thi: STORBE checklist in Supplementary Table S1.

This study was ap..oved Dy the Institutional Review Board of Korea University Anam
Hospital (approval no. 2020AN0482). The requirement for informed consent was waived

because all patient data were anonymized and de-identified.

2.2. Study definition and outcomes

This is a nationwide retrospective cohort study. Supplementary Figure S1 shows the
diagram of the selection of the study patients. Among patients with laboratory confirmed

COVID-19, those with any missing variables for the identification of metabolic status were
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excluded. We divided these patients into four groups according to the obesity and metabolic
health status: (i) metabolically healthy normal weight (MHNW), (ii) metabolically unhealthy
normal weight (MUNW), (iii) metabolically healthy obesity (MHO), and (iv) metabolically
unhealthy obesity (MUO). Obesity was defined as BMI > 25 kg/m? according to the Asia-
Pacific BMI criteria, calculated as weight divided by height squared (kg/m?®) [18]. A
metabolically unhealthy status was defined as the presence of three or more of the following
factors: (i) fasting plasma glucose level > 100 mg/dL or cu-rant use of glucose-lowering
agents under the ICD-10 codes for diabetes mellitus (E10-E. 4), 'ii) blood pressure > 130/85
mmHg or use of antihypertensive agents under the ICD- 1u ~rJes for hypertension (110-115),
(iii) serum triglyceride level > 150 mg/dL or currer- ust of lipid-lowering agents under the
ICD-10 code for dyslipidemia (E78), (iv) higii-.ensity lipoprotein-cholesterol level < 40
mg/dL in men or < 50 mg/dL in women 2+ c. rrent use of lipid-lowering agents under the
ICD-10 code for dyslipidemia (E78), and (v, waist circumference > 90 cm in men or > 85 cm
in women based on the Internationa’ L.cbstes Federation criteria for Asians [18,19].

The primary outcome was a ccmpo.ite of ICU admission, invasive mechanical ventilation
(IMV), extracorporeal memb:one oxygenation (ECMO), and death of any cause from the

diagnosis of COVID-19 o th2 end of follow-up.

2.3. Statistical analyses

Continuous data are presented as mean + standard deviation (SD) values for normally
distributed variables and as medians and interquartile ranges for nonnormally distributed
variables. Categorical data are presented as frequencies and percentages. ANOVA and
Pearson’s y° test were used to compare baseline characteristics among the four groups.

We calculated the incidence of the primary composite outcome by dividing the total number



of events by the total follow-up period (person-months). Kaplan—Meier analysis followed by
the log-rank test was used to examine differences in the cumulative incidence of the
composite primary outcome according to the metabolic health and obesity phenotypes. We
also used multivariable Cox proportional hazard regression models to analyze the hazard
ratios (HRs) for the study outcomes according to each metabolic health and obesity
phenotype. Model 1 was adjusted for age and sex, and model 2 was adjusted for all possible
confounders including age, sex, smoking, alcohol cor.~imption, physical activity,
socioeconomic status, previous history of chronic pulmonar / di ease including asthma and
chronic obstructive pulmonary disease. As general obecity ‘r.presented by a high BMI) and
metabolic health are closely associated with eacy ovier, we further investigated their
independent roles in the development of critical - DVID-19 by further adjusting for BMI and
metabolically healthy status mutually. For :and'ing the missing data, available-case analyses
(also known as pairwise deletion) were useu "vithout additional data handing.

All reported p-values were two-siue., and statistical significance was set at p < 0.05. All
statistical analyses were perform.~d us.ng SAS software (version 9.4; SAS Institute Inc., Cary,

NC, USA).

3. Results

Of patients with laboratory confirmed COVID-19 from the original NHIS-COVID-19
cohort database (n=8080), those with any missing variables (n=4011) for the identification of
metabolic status, including BMI, waist circumference, fasting plasma glucose, blood pressure,
and serum levels of triglyceride and high-density lipoprotein-cholesterol, were excluded.

Finally, a total of 4069 patients were selected.



3.1. Baseline patient characteristics

The mean (xSD) age of the patients was 55.5+14.2 years, and 2539 (62.4%) were female.
The mean BMI was 24.0 kg/m® A total of 879 patients (21.6%) had a history of
cardiovascular disease, 1310 (32.2%) had hypertension and 1013 (24.9%) had chronic
pulmonary disease. The baseline characteristics of patients in the four groups according to
metabolic health and obesity status are listed in Table 1. In general, patients in the
metabolically unhealthy groups (MUNW and MUQO) we: older than those in the
metabolically healthy groups (MHNW and MHO). The proj artic n of male patients was the
lowest in MHNW, followed by MUNW, MUO, and M!{C M etabolic parameters, including
systolic/diastolic blood pressure and serum glucos:‘trig’yceride levels, were higher in the
metabolically unhealthy groups than in the r.c.abolically healthy groups. Metabolically
unhealthy patients also had a higher pre.2lei.~e of comorbidities, including hypertension,
diabetes mellitus, dyslipidemia, cardiovasc.'ar disease, chronic kidney disease, and chronic

pulmonary disease than metabolical’y -.~aichy patients.

3.2. Severe COVID-19 outcon.”s according to metabolic health and obesity status

During about 4 month: ot follow-up, 289 (7.1%) critical COVID-19 outcomes occurred.
The incidence rate (per .00 person-months) of the outcomes was higher in metabolically
unhealthy patients (3.37 in both MUNW and MUO) than in metabolically healthy patients
(0.90 in MHNW and 1.64 in MHO). Table 2 shows the HRs for the composite and individual
COVID-19 outcomes in the four groups. Compared with the MHNW group as the reference,
all three other groups had significantly higher HRs for the composite of critical COVID-19
outcomes in an unadjusted model (1.79 [1.19-2.70], 3.58 [2.59-4.95], and 3.59 [2.63-4.91]
in MHO, MUNW, and MUO, respectively), indicating that both obesity and impaired
metabolic health are important risk factors for critical COVID-19. However, after adjusting
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for confounding variables (in two different models), patients with a metabolically unhealthy
status (MUNW and MUO groups) still had a significantly higher risk of critical COVID-19,
but patients in the MHO group did not. In model 2, the risk of critical COVID-19 was 41%
higher in the MUNW group and 77% higher in the MUO group than in the MHNW group.
The MUNW and MUO groups also had a significantly higher risk of death than the MHNW
group, although the risks of ICU admission and IMV or ECMO requirement were higher only
in the MUO group. Kaplan—Meier curves showed a time-depeJent risk of each outcome in
the four groups (Fig. 1). All outcomes were determined to oc~ur ¢ arly, mostly within 30 days

after the diagnosis of COVID-109.

3.3. Severe COVID-19 outcomes accordinr, 0 BMI category and the number of
metabolically unhealthy components

In an unadjusted model, the risk of critic.! COVID-19 was increased by 2% per 1 kg/m?
increase in BMI and by 13% for ~v.:v 1 component increase in metabolically unhealthy
parameters (Table 3). Howeve: atwr reciprocal adjustment for each variable and other
confounding factors (in moae! 2,, only the number of metabolically unhealthy parameters

was associated with the 1 isk « f critical COVID-19.

4. Discussion

In this retrospective cohort study, we found that impaired metabolic health was a stronger
predictor of critical COVID-19 than obesity itself in the Korean population. Notably,
metabolically unhealthy individuals, either with obesity or not, had a higher risk of critical
COVID-19 outcomes, including ICU admission and death, than metabolically healthy
individuals without obesity. In contrast, metabolically healthy individuals with obesity were
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not associated with critical COVID-19. In addition, the risk of COVID-19 outcomes linearly
increased with increasing number of metabolically unhealthy components independently of
BMI, whereas BMI did not distinguish patients at a risk of critical COVID-19.

Metabolically unhealthy traits, generally manifesting as metabolic syndrome, have been
proposed as important risk factors for adverse outcomes of COVID-19. Although the exact
mechanisms underlying this association remain unknown, immunomodulation (such as a
hyperimmune response) and increased expression of ACE2 (w":ch is the viral entry receptor
of SARS-CoV-2) partly explain the association between met. holi > syndrome and COVID-19
outcomes [20,21]. However, these mechanisms may ¢isc bz applicable to obesity-related
COVID-19 outcomes. Thus, further studies are requi*2d tv elucidate this issue.

Obesity is a heterogeneous condition. For eyai-.ple, individuals with the same BMI can
show various phenotypes in terms of ~aioncyte biology, fat distribution, and body
composition [22]. One of the important factors determining metabolically healthy and
unhealthy obesity is the amount or c.ctripution of visceral adipose tissue (VAT). Previous
studies found that Asian diabetic natients had more VAT than Caucasian diabetic patients with
the same waist circumference, ‘wiiich can explain the higher susceptibility of lean Asians to
type 2 diabetes [23]. Gi ‘en \Ye close association of VAT with insulin resistance, and further
with metabolic syndrom,, this parameter could be a determinant of the metabolic health
status at a given BMI [24]. Several studies have indicated that VAT could be an important
indicator of COVID-19 severity. In a small-sample study, VAT was an independent risk factor
for severe COVID-19 outcomes, but not BMI [25]. Another study showed that high VAT (>
128.5 cm?) was a crucial factor in predicting COVID-19 severity [26]. Although we were
unable to validate this association in our cohort, we assumed that a higher proportion of VAT
in the MUNW group than in the MHNW group might have contributed to the risk of critical
COVID-19. Metabolically unhealthy phenotype is also related to adipose tissue dysfunction
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and inflammation, which ultimately result in ectopic fat deposition and insulin resistance [27].
Indeed, upregulation of inflammatory cytokines including TNF-a and IL-6 was frequently
observed in patients with insulin resistance, even without general obesity [20]. This partly
explains hyperimmune response to infectious insult including SARS-CoV-2 and adverse
outcomes of COVID-19 in MUNW people. Another possible factor is reduced muscle mass
characteristic of MUNW individuals [16]. Reduced muscle mass has been proposed to be
independently associated with insulin resistance and increc~2d susceptibility to adverse
respiratory outcomes, including pneumonia and sepsis [28,29

Nonetheless, the available evidence from multiple gecgiconkical regions generally supports
that obesity contributes to the adverse outcomes of CO /ID-19. However, previous reports
had substantial inconsistencies in terms of study p pulation and measured outcomes. A linear
association between BMI and the need for 'C' admission or IMV was reported in multiple
studies [5,30,31]. However, for the mortai.*y risk from COVID-19, J-shaped or U-shaped
associations with increasing BMI w-.-e frequently observed, indicating that both severe
obesity and underweight are ric'- faciors for fatal events related to COVID-19 [5,7,30,32].
Given that the proposed cutot: */aiues of high BMI for death risk ranged from 30 to 40 kg/m?
in previous studies, the 10ss bility exists that the much lower incidence of high BMI in our
study population, with or.ly 4.1% having a BMI of > 30 kg/m?, may not detect the harmful
effects of severe obesity. We also found a J-shaped association between BMI and critical
COVID-19, with patients having a BMI of between 20 and 24.9 kg/m? having the lowest risk
of severe outcomes, although it was not significant. Therefore, ethnicity may be a crucial
factor in determining the association between BMI and disease severity. Further, the fact that
MUOQ patients still had the highest risk of severe COVID-19 and mortality in this study
should not be ignored.

A notable result of our study was that the risk of critical COVID-19 increased with the
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increasing number of metabolically unhealthy components. This was significant even after
adjusting for BMI, suggesting an independent association between metabolic derangement,
rather than obesity itself, and COVID-19 severity. We found that individuals with four or
more metabolic syndrome components had a two-fold higher risk of COVID-19 outcomes
than metabolically healthy individuals.

Taken together, impaired metabolic health, represented by insulin resistance, is closely
related to the severity of COVID-19. In this regard, it is .rorth paying attention to the
research results that several drugs related to improvement i.» insulin resistance, particularly
metformin and peroxisome proliferator-activated recepi.vs agonists, are associated with
better outcomes in COVID-19 [33,34]

This study had strengths and limitations. The ¢.hort database included anthropometric and
laboratory measurements before the diasnsic of COVID-19, which made it possible to
identify the underlying metabolic condition. of the patients. In addition, body weight, height,
and waist circumference were mess.-en using standardized methods (not self-reported).
However, only 50% of the cohc:* hau data on all analyzed metabolic syndrome components,
resulting in the exclusion of « laige proportion of patients. Our data also included detailed
information on patient cire, .uch as dates of hospital admission and ICU admission, medical
procedures, and death ecords. Thus, it was possible to analyze the time-dependent
association between exposure and outcomes. Although the follow-up duration was relatively
short (up to 4 months), we found that most outcomes occurred within 2 months after the
diagnosis of COVID-19, indicating that the follow-up duration would not limit the reliability
of the study results. Finally, there might be residual confounding by unmeasured covariates,
such as quality of intensive care, occupation, and viral load of SARS-CoV-2 in affected
individuals.

In conclusion, our study showed that metabolically unhealthy traits are important risk
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factors for critical COVID-19 independent of BMI in the Korean population. Considering
that COVID-19 remains a tremendous public health problem, this study suggests that the
metabolic health status of affected individuals should be evaluated and more attention needs

to be paid to managing individuals with metabolically unhealthy traits.
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Table 1. Characteristics of patients with coronavirus disease 2019 according to metabolic health and obesity phenotypes

MHNW MUNW MHO MUO p-Value

n (%) 1871 (46.0) 728 (17.9) 595 (14.6) 875 (21.5)
Follow-up time, mean (SD), days 118.0 (10.2) 111.9 (26.2) 117.0 (14.5) 113.0 (24.3)
Age group, n (%), years <0.001

20-29 149 (8.0) 3(0.4) 39 (F.o) 7 (0.8)

30-39 228 (12.2) 9(1.2) 0 \3.7) 41 (4.7)

40-49 430 (23.0) 45 (6.2) 124 {20.8) 112 (12.8)

50-59 604 (32.3) 179 (24.6) 192 (32.3) 238 (27.2)

60-69 326 (17.4) 246 (33.3) 96 (16.1) 276 (31.5)

70-79 95 (5.1) Zou (2.7 41 (6.9) 135 (15.4)

> 80 39 (2.1) "L (11.1) 13(2.2) 66 (7.5)
Male sex, n (%) 522 (27.9) 300 (41.2) 298 (50.1) 410 (46.9) <0.001
BMI, mean (SD), kg/m? 21.8 (2.0 22.7 (1.7) 27.0 (2.1) 27.9 (2.6) <0.001
WC, mean (SD), cm 74.6 5.5, 80.2 (6.5) 85.8 (7.3) 90.7 (7.4) <0.001

Men /9.6 ‘6.1) 83.3 (5.5) 88.8 (6.6) 92.9 (7.2) <0.001

Women 2.1 (6.0) 78.0 (6.3) 82.8 (6.8) 88.7 (7.1) <0.001
SBP, mean (SD), mmHg 115.0 (13.2) 128.2 (15.2) 121.0 (13.1) 130.3 (14.4) <0.001
DBP, mean (SD), mmHg 71.4(9.2) 77.6 (9.9) 75.3 (8.9) 79.7 (9.9) <0.001
FPG, mean (SD), mg/dL 93.4 (15.9) 113.3 (34.7) 93.9 (12.1) 113.6 (31.1) 0.001
Total cholesterol, mean (SD), mg/dL 192.0 (34.7) 196.6 (44.5) 197.1 (31.7) 197.3 (43.0) <0.001
Triglyceride, mean (SD), mg/dL 92.1 (47.3) 150.2 (91.1) 111.8 (60.3) 165.5 (119.2) <0.001
HDL-C, mean (SD), mg/dL 61.4 (17.4) 53.5(14.4) 55.5 (12.8) 50.4 (12.3) <0.001
Hemoglobin, mean (SD), g/dL 13.4 (1.5) 13.7 (1.5) 14.1 (1.6) 14.2 (1.6) <0.001
Creatinine, mean (SD), mg/dL 0.80 (0.29) 0.86 (0.30) 0.86 (0.20) 0.90 (0.38) <0.001
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AST, mean (SD), IU/L 22.5 (8.6) 26.2 (13.2) 25.4 (19.0) 31.1 (37.0) <0.001
ALT, mean (SD), IU/L 19.0 (12.1) 23.8 (13.2) 25.6 (25.5) 34.8 (52.5) <0.001
Smoking, n (%) <0.001
Never 1577 (84.3) 500 (68.7) 444 (74.6) 612 (69.9)
Former 200 (10.7) 120 (16.5) 100 (16.8) 184 (21.0)
Current 94 (5.0) 58 (8.0) 51 (8.6) 79 (9.0)
Alcohol consumption, n (%) 313 (16.7) 106 (14.6) 159 (26 7) 203 (23.2) <0.001
Regular exercise, n (%) 805 (43.0) 338 (46.4) 262 (41,0 429 (49.0) 0.023
M(:]d(%;oa;te-to-vigorous physical activity, 93 (5.0) 45 (6.2) 52 15.4) 45 (5.1) 0.663
Low SES*, n (%) 430 (23.0) 178 (24.5) 117 (19.7) 199 (22.7) 0.214
Comorbidities, n (%)
Hypertension 200 (10.7) 464 (62.7) 95 (16.0) 551 (63.0) <0.001
Diabetes mellitus 33(1.8) 4 (36.3) 8 (1.3) 287 (32.8) <0.001
Dyslipidemia 162 (8.7) 597 (82.0) 41 (6.9) 617 (70.5) <0.001
Cardiovascular disease 227 (12 ") 294 (40.4) 66 (11.1) 292 (33.4) <0.001
Chronic kidney disease 8.4 22 (3.0) 4 (0.7) 35 (4.0) <.0001
Chronic pulmonary disease 304 (20.5) 227 (31.2) 121 (20.3) 281 (32.1) <0.001

Abbreviations: MHNW, metabolically healthy norr al weight; MUNW, metabolically unhealthy normal weight; MHO, metabolically healthy obesity; MUO, metabolically
unhealthy obesity; SD, standard deviation; BM!, Zody mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting
plasma glucose; HDL-C, high-density lipoprotein-cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase; SES, socioeconomic status.
*Socioeconomic status was identified according to the medical insurance premium in the database, in which low socioeconomic status was defined as the lower 30%.
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Table 2. Severe COVID-19 outcomes according to metabolic health and obesity phenotypes

Incidence rate,

Hazard ratio (95% CI)

Events, per 100 person-
n months Unadjusted Model 1 Model 2
Composite of severe COVID-19 outcomes

MHNW 64 0.90 1 (ref.) 1 (ref) 1 (ref.)

MUNW 86 3.37 3.58 (2.59-4.95) 1.42 (1.02- 1.9)) 1.41 (1.01-1.98)

MHO 36 1.64 1.79 (1.19-2.70) 1.42 (.94 2.14) 1.48 (0.98-2.23)

MUO 103 3.37 3.59 (2.63-4.91) 1.00 1.31-2.47) 1.77 (1.29-2.44)
ICU admission

MHNW 47 0.66 1 (ref.) 1 (ref.) 1 (ref.)

MUNW 50 1.96 2.82 (1.89-4 V) 1.43 (0.94-2.18) 1.45 (0.95-2.20)

MHO 29 1.32 1.96 (1.21-3.1.) 1.60 (1.00-2.55) 1.59 (0.99-2.54)

MUO 69 2.26 3.26 (7.25-1.72) 1.92 (1.31-2.81) 1.92 (1.31-2.82)
IMV or ECMO (04

MHNW 15 0.21 1 (ref.) 1 (ref.) 1 (ref.)

MUNW 24 0.91 .19 (2.20-7.98) 1.83 (0.94-3.58) 1.87 (0.95-3.65)

MHO 12 0.53 2.54 (1.19 -5.42) 1.99 (0.93-4.27) 2.02 (0.94-4.33)

MUO 35 1.10 5.11 (2.79-9.36) 2.72 (1.47-5.05) 2.65 (1.42-4.94)
Death

MHNW 21 0.29 1 (ref.) 1 (ref.) 1 (ref.)

MUNW 52 1.94 6.56 (3.95-10.89) 1.85(1.11-3.10) 1.90 (1.13-3.19)

MHO 12 0.52 1.81 (0.89-3.67) 1.30 (0.64-2.65) 1.44 (0.71-2.94)

MUO 52 1.60 5.43 (3.27-9.01) 2.23 (1.34-3.71) 2.22 (1.33-3.70)

Abbreviations: COVID-19, coronavirus disease 2019; MHNW, metabolically healthy normal weight; MUNW, metabolically unhealthy normal weight; MHO,
metabolically healthy obesity; MUO, metabolically unhealthy obesity; ICU, intensive care unit; IMV, invasive mechanical ventilation; ECMO, extracorporeal membrane
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oxygenation.
Model 1 was adjusted for age and sex.

Model 2 was adjusted for age, sex, smoking, alcohol consumption, physical activity, socioeconomic status, and previous history of chronic pulmonary disease, including
asthma and chronic obstructive pulmonary disease.
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Table 3. Severe coronavirus disease 2019 outcomes according to body mass

index category and the number of metabolically unhealthy

components
Events, 'ncidence rate, Hazard ratio (95% CI)
n per 100 person- ;
n months Unadjusted Model 1 Model 2
BMI, kg/m?
<20 393 25 1.72 1.07 (0.68-1.69) 1.22 (0~7-1.92) 1.22 (0.77-1.93)
20-22.9 1194 71 1.60 1 (ref.) 1 (1of) 1 (ref.)
23-24.9 1012 54 1.43 0.90 (0.63-1.28) 0.,935.55-1.11) 0.72 (0.51-1.03)
25-29.9 1279 126 2.77 1.69 (1.27-2.27) 1.28 (0.96-1.72) 1.19 (0.88-1.60)
>30 191 13 1.86 1.15 (0.64-2.08) 1.46 (0.81-2.64) 1.16 (0.63-2.14)
p-Value for trend 0.002 0.129 0.118
Per 1 kg/m? increase 1.02 (1.°'1- 1.00) 1.03 (0.99-1.07) 1.02 (0.98-1.06)
No. of MU components N
0 945 19 0.52 1 (ref.) 1 (ref.) 1 (ref.)
1 793 35 1.17 2.22 (1.27-3.88) 1.41 (0.81-2.48) 1.14 (0.80-2.49)
2 728 46 1.71 3.21 (1.88-5.48) 1.47 (0.85-2.52) 1.43 (0.83-2.49)
3 650 55 2.05 4.34 (2.58-7.32) 1.65 (0.97-2.81) 1.62 (0.94-2.80)
4 649 91 4.)9 7.36 (4.49-12.06) 2.14 (1.28-3.56) 2.04 (1.20-3.47)
5 304 43 4.16 7.47 (4.35-12.82) 2.02 (1.16-3.54) 1.84 (0.99-3.41)

p-Value for trend

<0.001

0.001

0.001

Per 1 component increase

1.47 (1.37-1.59)

1.15 (1.06-1.25)

1.13 (1.03-1.24)

Abbreviations: BMI, body mass index; MU, metabolically unhealthy; ref., reference.

Model 1 was adjusted for age and sex.

Model 2 was adjusted for age, sex, smoking, alcohol consumption, physical activity, socioeconomic status, and previous history of chronic pulmonary disease (including

asthma and chronic obstructive pulmonary disease) and further adjusted for metabolically unhealthy status and BMI.
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Figure Legends

Figure 1. Kaplan—Meier analysis of severe coronavirus disease 2019 outcomes (A), ICU
admission (B), IMV or ECMO therapy (C), and death (D) according to metabolic health and
obesity phenotypes.

*Abbreviations: MHNW, metabolically healthy weight; MUNW, metabolically unhealthy
normal weight; MHO, metabolically healthy obesity; MUO, m ~*abolically unhealthy obesity;
ICU, intensive care unit; IMV, invasive mechanical veniilation; ECMO, extracorporeal

membrane oxygenation.
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Highlight
» Analyzing a nation-wide COVID-19 cohort database.
« The risk of death was higher in metabolic unhealthy normal and obesity patients.

e Metabolic health is more important to COVID-19 outcomes than obesity.
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